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COMPOSITE DIAPHRAGM BEHAVIOR AND STRENGTH 
by 
w. Samuel Easterling 1 
and 
Max L. Porte~ 
ABSTRACT 
The behavior of steel-deck-reinforced concrete floor diaphragms is reviewed, based on the 
results of a recently completed research project at Iowa State University. Prevailing failure modes 
and the influence of various system parameters are discussed. Both the failure modes and system 
parameters are related to the strength and stiffness of the composite diaphragms and those 
relationships are discussed. 
This paper presents a summary of a research project that has formed the basis for a 
design methocJology, which has been submitted to the Concrete and Steel Deck Systems 
Committee of the ASCE - Technical Council on Codes and Standards. The research included both 
analytical work, in the form of finite element analyses and experimental work, in the form of full size 
diaphragm tests and elemental push-off tests. Both aspects of the research are reviewed. 
1 Assistant Professor, Charles E. Via Department of Civil Engineering, Virginia Polytechnic Institute 
and State University, Blacksburg, VA, 24061 





Floor systems in steel 'frame buildings are predominantly constructed with concrete cast 
on cold-formed steel deck. These floor systems may be designed for gravity loads as composite 
or non-composite systems. Non-composite systems require traditional reinforcing and are 
designed in accordance with the American Concrete Institute (ACI, 1983). Composite systems, 
referred to hereafter as steel-deck-reinforced concrete (SDRC) systems, are designed in 
accordance with a recently published standard (ASCE, 1985). This standard provides the designer 
with a means for determining vertical or gravity load strength for SDRC floor systems, but does not 
provide assistance in assessing the in-plane or diaphragm strength. In order to better understand 
SDRC diaphragms and develop a general design methodology, the National Science Foundation 
(NSF) sponsored two phases of a research program at Iowa State University (ISU). This paper 
presents a summary of the second phase. 
EXPERIMENTAL SETUP AND PARAMETERS 
The full scale diaphragm testing was performed in the Structural Engineering Laboratory at 
ISU utilizing a previously designed test frame (Porter and Greimann, 1980). Figure 1 shows the 
test frame configuration, which is a cantilever diaphragm frame with a fixed edge. The fixed edge 
consists of three large reaction blocks that are anchored to the structural tie-down floor. The 
remaining sides consisted of W24x76 steel members fastened together with flexible tee 
connections, except for Diaphragm 32 which had W14x22 edge members. 
The loading was applied via two hydraulic actuators attached to the north frame member 
(see Fig. 1). A reversed cyclic loading with progressively increasing displacements was used for 
all tests, which was selected, not with the intent of representing a particular natural event, but 
rather, with the intent of studying the basic behavior of composite diaphragms under cyclic 
loading. In addition to the cyclic loading, six of the diaphragm specimens were subjected to 
vertical load prior to the cyclic load being applied (Neilsen, 1984). The selected vertical load was 
maintained during the cyclic loading. 
The test specimens were constructed using a variety of parameters. In particular, the 
parameters tested included steel-deck type, steel-deck thickness, fastener type, number of 
fasteners, aspect ratio, edge member size and concrete thickness. Details for each test 
configuration are given in Table 1. (Tests 1-9 were part of the first phase of the research program. 
(Porter and Greimann, 1980)). Items omitted from Table 1 include edge member size and the plan 
dimensions of the diaphragms, which were 15 ft. by 15 ft. for Diaphragms 1-21 and 15 ft. by 12 ft. 
for the remaining diaphragms. No additional reinforCing was used in any of the specimens. 
EXPERIMENTAL RESULTS AND FAILURE MODES 
Results for each test have been expressed in terms of initial stiffness, ultimate strength and 
failure mode as given in Table 2. The initial stiffness values were calculated by determining the 
slope of the line between the two points corresponding to the first positive and negative 
displacements of 0.025 in. (0.635 mm). The experimental program has shown that of many 
possible modes of failure, only three were of concern. Those three were diagonal tension failure of 
the diaphragm, edge connector failure or failure of the shear transfer mechanism. Each of these is 
briefly described below. 
Diagonal tension failure was characterized by the occurrence of cracks that form 
diagonally across the surface of the concrete. These cracks were typically at angles of 
approximately 45 degrees and extended over a large portion of the diaphragm. The ultimate load 
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level occurred just prior to the development of the diagonal tension crack. A diagonal tension 
failure is the upper bound for the strength of a SDRC diaphragm. 
Edge connectors typically consist of arc spot welds, headed shear studs or some 
combination of the two. The failure of a floor diaphragm via the edge connectors was directly 
related to the strength of the connectors. An edge connector failure of the diaphragm usually 
occurred without significant visible degradation of the remainder of the floor slab surface. When 
headed shear studs were used as connectors, failure of the concrete around the stud was 
considered a connector failure. Failure may also occur by shearing of the shank of the stud at the 
weld, although this failure was not observed in any of the tests. 
The load transfer path of composite diaphragms, using arc spot welds as connectors is 
such that the load must pass from the loading frame through the fasteners and steel deck into the 
concrete. This transfer of load through the connectors and steel deck is primarily through shear 
and has been shown to take place in a finite edge zone (Porter and Greimann, 1980, Prins, 1985). 
When degradation of the composite system occurred to a degree such that load couldn't be 
transferred adequately to the concrete, failure of the shear transfer mechanism was said to have 
occurred. This mode of failure is only applicable when multiple arc spot welds per corrugation are 
used. 
Continuous load versus displacement plots were made for each test, with one such plot 
being shown in Figure 2. The general behavior of the SDRC diaphragms, regardless of the system 
parameters, was such that they should be considered brittle structural elements. Typically this is 
undesirable behavior for a structural element, and particularly so in elements that are part of a 
lateral load resisting system. This subject is discussed further in the design methodology section 
of this paper. 
The parametric influence on the strength and stiffness of SDRC diaphragms is not 
presented in detail herein. For specific information regarding such influence the reader is referred 
to the background reference material (Easterling, 1987, Neilsen, 1984, Prins, 1986). 
ANALYTICAL MODEL AND RESULTS 
The analytical method developed as a part of this research program enables one to 
calculate the strength and stiffness of SDRC diaphragms. For a given diaphragm the strength 
based on each of the three failure modes discussed previously was calculated and the minimum 
value was considered the governing strength. Developrnent of the strength and stiffness models is 
presented briefly herein with rnore complete developrnents being available elsewhere(Easterling, 
1987). 
For SDRC diaphragms controlled by diagonal tension failure of the concrete, the strength 
was determined based on the shear wall strength equation as given by the American Concrete 
Institute (ACI, 1983). In the developrnent of the shear wall equation the tensile strength of the 
concrete was taken as 4~ and the effective width was assumed as 80 percent of the length. 
For applications to SDRC diaphragms the concrete tensile strength was still taken as 4,ff; and 
the effective depth was taken as the total depth minus twice the edge zone distance (Porter and 
Greirnann, 1980). This distance can be conservatively taken as 80 percent of the depth thus the 
forrn of the equation for the total applied nominal shear strength for the SDRC test diaphragms 
controlled by a diagonal tension failure is 
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where te is the effective slab thickness, b is the diaphragm depth and fc' is the 28 day compressive 
strength of the concrete. Both the steel deck and concrete were assumed to contribute to the 
effective thickness. 
The strength of a SDRC diaphragm based on a fastener failure was determined using edge 
force distributions derived from non-linear finite element analyses (Easterling, 1987). For the 
development of analytical expressions this edge force distribution was taken as shown in Figure 3. 
and the corresponding framing member forces are shown in Figure 4. Critically loaded fasteners 
were identified and the applied shear force was related to the force on the fasteners through 
geometry and equilibrium. This resulted in a consideration of four potentially critical fasteners and 
four different, but similar, expressions for strength based on a fastener failure. The strength of 
individual fasteners was determined using existing formulations (AISC, 1978,1986, AISI, 1986). 
At first glance the edge force distribution in Figure 3. seems inconsistent with the cantilever 
beam model, since no moment should exist at the end of the cantilever. However, one should 
bear in mind that the beam analogy is only approximate. Analyses of the SDRC diaphragms 
formed the basis for the distribution shown, and for diaphragms of the size tested in the 
experimental program the effect of these forces was not considered negligible. For diaphragms of 
greater dimensions these corner effects become less significant. 
Strength based on a shear transfer mechanism failure was determined similarly to the 
edge fastener strength in that the applied shear force was rela.ted to the edge zone force through 
the use of the edge force distributions. The key difference was that elemental pushoff tests had to 
be developed to arrive at the shear transfer mechanism strength (Prins, 1985), since expressions 
do not exist for the calculation of this strength. Elemental tests were required for each different 
deck/connector configuration. 
Initial stiffness calculations were made by considering the diaphragm as a beam model, 
thus there were bending, shear and edge zone flexibility components. Elastic edge force 
distributions were used to relate the applied shear force and "cantilever beam" displacements for 
the edge zone flexibility terms. Edge zone flexibility consisted primarily of flexibility in the fasteners 
which was modeled using expressions presented by the Steel Deck Institute (SOl, 1987) for the 
welds and by Ollgaard, et.al (Ollgaard,Slutter and Fisher, 1971) for the headed shear studs. 
Comparison of the experimental versus predicted results are given in Figures 5 and 6. 
Figure 5 shows results for strength and Figure 6 shows results for stiffness. Table 3 gives the 
numerical results for both strength and stiffness. As can be seen from these results there is 
generally good agreement, with the strength results showing less scatter than the stiffness results. 
The specimens that exhibited a shear transfer mechanism failure typically showed more scatter in 
predicted strengths. This is not unexpected since the interface between the concrete and the steel 
deck is not particularly well understood quantitatively. 
DESIGN METHODOLOGY 
The principal function of a SDRC floor system is to carry vertical or gravity loads. A 
secondary function for the floor system may be to act as a part of the lateral load resisting system 
via diaphragm action. The design approach presented here follows this same sequencing of the 
modes of resistance. Specific formulations of the design equations are not presented since their 
final form is still being considered by the Concrete and Steel Deck Systems Committee of the 
ASCE-Technical Council on Codes and Standards. Once finalized, the complete design approach 
and mathematical expressions required to use the design method will be published for general 
use. 
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A schematic of the design procedure is presented in Figure 7. Considering this figure, the 
initial step is to perform the vertical load design. If the framing members are designed to act 
compositely with the floor slab, then requirements regarding the fastener type and number are 
established by the AISC specifications (AISC, 1978,1986). Typically headed shear studs are used 
as fasteners. When a composite beam design is not used, the designer is given the choice of 
using arc spot welds, headed shear studs or some other acceptable means of fastening. The 
likelihood is great that the deck would be fastened with arc spot welds in a non-composite beam 
application. Along with these decisions, the designer selects deck profile and thickness, concrete 
strength and slab thickness. The Specification for the Design and Construction of Composite 
Slabs (ASCE, 1985), or manufacturer's guides based on the specification, should be used for the 
gravity load design. 
The details for a particular floor system are typically established prior to consideration of 
in-plane load resistance. Therefore, the process of diaphragm design, in this context, might be 
more appropriately referred to as a strength check and stiffness determination. As further 
justification for this approach, one could argue that the in-plane strength of SDRC floor systems 
well exceeds the demand in most building configurations, therefore the diaphragm strength check 
should be a secondary, but essential, step in the design process. 
Beginning the diaphragm strength check, one should start with a determination of the 
diagonal tension strength. This represents the maximum potential or upper bound strength of a 
SDRC diaphragm. If the strength in this mode is not adequate, then the designer is forced to 
select new slab parameters, such as thickness and concrete strength. 
Following a check of the diagonal tension mode, the strength of the diaphragm based on 
the connector strength must be determined. As Figure 7 indicates, different paths are taken 
depending on the connector type. This is due to the different strength expressions for arc spot 
welds and headed shear studs. If the connector scheme is found to have inadequate strength, the 
designer may increase the number of connectors or perhaps change from the use of welds to 
studs. 
The shear transfer mechanism failure does not need to be considered if the number of 
welds is limited to an average of one every 12 inches. Experimental testing showed that only the 
specimens with a number of welds greater than one every 12 inches failed by a degradation of the 
shear transfer mechanism. If a greater number of welds are used then the shear transfer 
mechanism failure should be investigated which requires a series of elemental push off tests to be 
performed (Prins, 1985). 
Once the strength checks are made and determined to be adequate, the final step in the 
process is a determination of the initial or elastic stiffness of the diaphragm. The final procedure 
for this process, as well as the strength checks, which will reflect simplification of the equations 
developed during the research program are currently under consideration by the Concrete and 
Steel Deck Systems Committee of the ASCE Technical Council on Codes and Standards. These 
expressions will be part of a new standard dealing only with diaphragms that the committee is 
currently developing. 
As discussed previously, SDRC diaphragms are brittle structural elements, in that they will 
not sustain near constant load levels when subjected to increasing displacements at or near the 
ultimate load level. This is not a desirable behavioral characteristic for structural components, 
particularly for those components that resist seismic forces. This undesirability is primarily due to 
the fact that structures cannot be economically designed to resist seismic forces while behaving 
strictly elastic. 
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However, SDRC diaphragms have been shown to possess strength such that they may be 
designed elastic for levels of force that are typical in floor systems in buildings without offset 
vertical load carrying members. Thus, their lack of ductility is less of a concern. In buildings that 
do have offset veH:ical load carrying members, such as staggered truss systems, the diaphragms 
are required to transfer lateral loads that are accumulated form higher stories. These loads will 
most likely be well in excess of the SDRC diaphragm strength, thus requiring alternative reinforcing 
schemes. 
SUMMARY AND CONCLUSIONS 
The results of an experimental and analytical research program that studied the behavior 
of SDRC diaphragms were presented. These results included experimental diaphragm strength 
and stiffness data. An analytical method was formulated as part of the research program that 
permits the determination of the strength and stiffness. Of several potential failure modes three, 
diagonal tension, edge connector and shear transfer mechanism, have been shown to be of 
concern and two of the three were identified as having practical significance. The three were 
described and the classification of each experimental diaphragm by failure mode was made. 
Experimental and analytical results were compared and a design methodology based on the 
analytical model was presented. 
A comparison of the experimental versus predicted strength and stiffness values shows 
that good agreement has generally been obtained. The results are particularly encouraging when 
one considers the inherent scatter in strength and stiffness expressions for components such as 
concrete and arc spot welds. A design methodology based on the analytical model which 
considers the SDRC diaphragms as elastic structural elements is economically practical. 
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APPENDIX--NOTATION 
a ~ span of diaphragm 
a' ~ distance along "a" upon which perpendicular force acts 
b ~ depth of diaphragm 
b' ~ distance along "b" upon which perpendicular force acts 
fc' ~ 28 day compressive strength of concrete 
qp ~ edge force along and parallel to side a 
qp' ~ edge force along and perpendicular to side b 
qt ~ edge force along and parallel to side b 
qt' ~ edge force along and perpendicular to side a 
te ~ effective slab thickness 
V ~ applied shear force 
V n ~ nominal shear strength of diaphragm 
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Table 1. Diaphragm Parameters 
Concrete Parameters Steel Deck Parameters 
Actual Yield/Ultimate 
Diaphragm Thickness f ' Deck Thickness Strength Connections 
Number (in.) (ps~ Type (in.) (ksi) Per Side 
5.38 5634 0.034 41.7/53.4 30 studs 
2 5.50 5250 0.034 41.7/53.4 30 studs 
3 5.65 4068 0.034 41.7/53.4 60 welds 
4 5.28 3849 0.034 41.7/53.4 60 welds 
5 3.53 2966 2 0.062 48.2/60.7 30 welds 
6 7.44 4549 2 0.062 48.2/60.7 60 welds 
7 5.40 5435 3 0.058 49.7/61.1 60 welds 




9 5.48 5412 4 0.058 51.8/63.2 60 welds 
Pan 0.057 52.4/64.9 
10 5.53 3311 5 0.062 40.4/53.2 60 welds 
11 5.72 3533 6 0.047 89.7/93.7 60 welds 
12 5.59 3412 5 0.062 40.4/53.2 60 welds 
13 5.53 6187 4 0.058 51.8/63.3 60 welds 
Pan 0.057 52.4/64.9 60 welds 
14 8.2 3699 5 0.062 40.4/53.4 60 welds 
15 4.21 2844 7 0.047 89.7/93.6 60 welds 
16 4.18 2952 7 0.047 89.7/93.6 60 welds 
17 7.44 4261 2 0.062 46.0/54.4 60 welds 
18 5.55 3052 5 0.062 40.4/53.4 60 welds 
19 5.75 2681 8 0.062 49.4/55.5 60 welds 
20 5.55 3973 9 0.037 48.6/56.2 40 welds 
21 5.67 3638 5 0.062 40.4/53.4 15 welds 








24 5.63 4047 8 0.062 49.4/55.5 48 welds 




26 4.72 3462 10 0.036 92.8/93.6 7 welds 0N) 





Table 1. (Continued) 
Concrete Parameters Steel Deck Parameters 
Actual Yield/U Itimate 
Diaphragm Thickness f ' Deck Thickness Strength Connections 
Number (in.) (ps~ Type (in.) (ksi) Per Side 




























Table 2. Summary of Experimental Results 
Experimental 
Initial Strength 
Diaphragm Stiffness Load 
Number (kips/in.) (kips) Failure Mode 
1800 168 Diagonal tension 
2 2000 186 Diagonal tension 
3 1600 98 Shear transfer mechanism 
4 1300 88 Shear transfer mechanism 
5 1700 116 Diagonal tension 
6 2600 147 Shear transfer mechanism 
7 1500 137 Shear transfer mechanism 
8 1100 54 Edge connector 
9 1900 220 Diagonal tension 
10 1700 161 Diagonal tension 
11 1600 95 Shear transfer mechanism 
12 1800 180 Diagonal tension 
13 1900 250 Diagonal tension 
14 1900 208 Shear transfer mechanism 
15 1300 103 Shear transfer mechanism/diagonal tension 
16 1300 124 Diagonal tension 
17 2200 146 Shear transfer mechanism 
18 1700 161 Diagonal tension 
19 1300 147 Diagonal tension 
20 1300 95 Shear transfer mechanism/edge connector 
21 1200 122 Shear transfer mechanism/edge connector 
22 2100 169 Diagonal tension 
23 1700 106 Shear transfer mechanism/edge connector 
24 2100 168 Diagonal tension 
25 1900 180 Diagonal tension 
26 1700 87 Diagonal tension 
27 2000 91 Edge connector 
28 2000 119 Edge connector 
29 2300 137 Diagonal tension 
30 1900 115 Edge connector 
31 1500 65 Shear transfer mechanism/edge connector 
32 1000 60 Shear transfer mechanism/edge connector 
397 
Table 3. Experimental and predictive results 
Experimental Predicted Experimental Predicted 
Diaphragm Strength Strength Stiffness Stiffness 
Number (kips) (kips) (kips/in) (kips/in) 
168 174 (DT) 1800 2500 
2 186 173 (DT) 2000 2500 
3 98 79 (STM) 1600 1300 
4 88 77 (STM) 1300 1300 
5 116 106 (DT) 1700 1200 
6 149 125 (8TM) 2600 2100 
7 137 •• a 1500 1900 
8 54 62 (EC) 1400 
9 220 195 (DT) 1900 2300 
10 161 144 (DT) 1700 1700 
11 95 76 (STM) 1600 1500 
12 180 140 (STM) 1800 1700 
13 250 213 (DT) 1900 2300 
14 208 136 (STM) 1900 2000 
15 103 100 (8TM) 1300 1300 
16 124 102 (STM) 1300 1300 
17 146 126 (STM) 2200 2100 
18 161 140 (DT) 1700 1700 
19 147 138 (DT) 1300 1700 
20 95 94 (STM) 1300 1000 
21 122 109 (EC) 1200 900 
22 169 140 (STM) 2300 2100 
23 106 95 (EC) 1700 1200 
24 168 139 (EC) 22~g 20.~g 25 180 176 (DT) 
26 87 104 (DT) 1800 1800 
27 91 54 (EC) 1900 1300 
28 119 112 (EC) 1900 2000 
29 137 136 (DT) 2300 2400 
30 115 149 (DT) 2000 2400 
31 65 60 (EC) 1600 700 
32 60 74 (STM) 1100 700 
DT - diagonal tension, STM - shear transfer mechanism, EC = edge connector 
apushoff tests not performed, btest apparatus malfunction. 
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Design floor system for vertical loads using the Specification for the Design and 
Construction of Composite Slabs, the Specification for the Design, Fabrication 
and Erection of Structural Steel for Buildings and the Specification for the Design 
of Cold-Formed Steel Structural Members. 
Select deck, cover thickness, concrete strength, connector type, number of 
connectors 







Number of Type 
Figure 7. Diaphragm design flowchart (Easterling, 1987) 
